Deforestation is associated with increased atmospheric CO 2 and alterations to the surface energy and mass balances that can lead to local and global climate changes. Previous modelling studies show that the global surface air temperature (SAT) response to deforestation depends on latitude, with most simulations showing that high latitude 5 deforestation results in cooling, low latitude deforestation causes warming and that the mid latitude response is mixed. These earlier conclusions are based on simulated large scale land cover change, with complete removal of trees from whole latitude bands. Using a global climate model we determine effects of removing fractions of 5 % to 100 % of forested areas in the high, mid and low latitudes. All high latitude deforestation sce-10 narios reduce mean global SAT, the opposite occurring for low latitude deforestation, although a decrease in SAT is registered over low latitude deforested areas. Mid latitude SAT response is mixed. For all simulations deforested areas tend to become drier and have lower surface air temperature, although soil temperatures increase over deforested mid and low latitude grid cells. For high latitude deforestation fractions of 45 % 15 and above, larger net primary productivity, in conjunction with colder and drier conditions after deforestation, cause an increase in soil carbon large enough to generate a previously not reported net drawdown of CO 2 from the atmosphere. Our results support previous indications of the importance of changes in cloud cover in the modelled temperature response to deforestation at low latitudes. They also show the complex 20 interaction between soil carbon dynamics and climate and the role this plays on the climatic response to land cover change.
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Introduction
Agricultural lands occupy approximately 38 % of the Earth's land surface (Ramankutty et al., 2008) . These croplands and pastures presently cover about 10 %, 45 % and 27 % of the areas originally occupied by boreal, temperate, and tropical forests respectively 14640 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | (Ramankutty and Foley, 1999; Ramankutty et al., 2008; Monfreda et al., 2008; Foley et al., 2011) . Population growth and the associated expansion of agricultural lands is the primary cause of present day deforestation (Gibbs et al., 2010; Foley et al., 2011) . Although rates of deforestation have decreased over the last decade, the loss of forested areas is expected to continue during the present century (Magrin et al., 5 2007; Food and A. O. of the United Nations, 2010). Forested area in the Amazon Basin, where the largest rainforest on Earth is found, could be reduced in approximately 50 % by 2050. (Butler, 2006; Magrin et al., 2007; Food and A. O. of the United Nations, 2010) .
While most deforestation occurs in the tropics, non-tropical forests are likely to suffer 10 new deforestation pressures as the climate warms and areas which were previously too cold become suitable for agriculture (McCarthy et al., 2001; Walker and Sydneysmith, 2007) . Assuming recent rates of human population growth are maintained until the end of the century, the Earth's population will approach 10 billion around 2100. With current 15 population to agriculture density of ∼ 147 people per km 2 , to meet the same quantity of food availability as present day, with no increases in productivity through technological advances, by 2100 agricultural areas would have to be increased by 43 % (Ramankutty et al., 2008) . Deforestation can impact climate on local and global scales by changes in the en-20 ergy, mass and momentum fluxes between the land surface and the atmosphere. Deforestation is frequently associated with CO 2 emissions, as the crops and marginal lands that usually take the place of trees after deforestation tend to hold less carbon per unit area than forests (Betts, 2000; Bala et al., 2007) . The radiative forcing associated with an increase in atmospheric CO 2 is, from a climatic perspective, the most 25 important biogeochemical impact of deforestation. Increases in CO 2 also have the potential to affect climate by altering transpiration rates, due to CO 2 fertilization reducing stomatal conductance and increasing leaf growth (Friedlingstein et al., 1999; Kleidon et al., 2000) .
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The biogeophysical impacts of deforestation most pertinent to climate are changes to surface albedo, evapotranspiration and surface roughness length. Croplands and pastures tend to have higher albedo than forests, which causes them to absorb a smaller fraction of the incoming solar radiation. The roots of crops and grasses normally reach depths that are shallower than those of trees so that deforestation results in decreased 5 evapotranspiration and a reduction in latent heat flux (Kleidon et al., 2000; Govindasamy et al., 2001; Bounoua et al., 2002; Bala et al., 2007) . Evapotranspiration can also be reduced through the reduction in canopy capture following deforestation, as well as from reduced turbulence associated with a lower aerodynamic roughness length and colder temperatures. For large-scale land cover change the alterations in evapotranspi-10 ration can potentially impact cloud formation which can potentially impact atmospheric albedo and atmospheric longwave absorption.
In previous modelling efforts, the net temperature response to deforestation, to a large extent, is determined by the magnitudes of these opposing warming (higher atmospheric CO 2 and lower latent heat flux) and cooling (increased albedo) effects (for 15 some examples: Bonan et al., 1992; Brovkin et al., 1999; Betts, 2000; Bonan, 2001; Matthews et al., 2004; Bala et al., 2007) . The albedo-related cooling is particularly important at mid to high latitudes, where the presence of snow exacerbates the differences in reflectivity between forests and open lands (Betts, 2000; Bala et al., 2007) , while the warming due to decreases in latent heat flux has a greater impact at low 20 latitudes where the absolute changes in evapotranspiration are larger (Claussen et al., 2001; Bala et al., 2007) . Most modelling studies so far have analyzed the response to large-scale land cover change. In some, deforestation was global or performed over whole latitude bands (Bonan et al., 1992; Bonan, 2001; Bala et al., 2007; Bathiany et al., 2010 ; Davin and Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | removal of trees causes atmospheric CO 2 concentrations to go up, the increase in albedo is enough to generate a reduction in surface air temperature (SAT) cooling. This cooling is global, and centered over the deforested areas (Claussen et al., 2001; Bala et al., 2007; Bathiany et al., 2010) . Global temperature changes associated with mid latitude deforestation follow the general trend seen for high latitudes with a tendency 5 for smaller temperature changes (Bala et al., 2007) . Contrary to the cooling seen in the mid and high latitudes, simulated low latitude deforestation has resulted in a warmer climate, with the increase in temperature attributed to the reduction in evapotranspiration, and increased atmospheric CO 2 , which dominates the temperature signal (Zhang et al., 2001; Davin and de Noblet-Ducoudre, 2010) . Some studies have noted that a 10 reduction in cloud cover, and hence reduced atmospheric albedo over deforested regions was an important contributor to the modelled warming (Bala et al., 2007) . There have been indications from satellite based (Montenegro et al., 2009 ) and modelling (Pongratz et al., 2011; Arora and Montenegro, 2011) efforts that the temperature response is dependent on the scale and location of land cover change. According to 15 these studies, in many high latitude and mid latitude areas deforestation would result not in cooling but in no significant change or net warming, with the CO 2 and evapotranspiration related warming overcoming the albedo induced cooling.
Here we use a global climate model of intermediate complexity, with a coupled carbon cycle model, to determine to what degree the scale of deforestation may influence 20 the climate system's response to high, mid and low latitude deforestation. This is done by a series of experiments, where deforestation fractions range from 5 %-100 % of the tree covered area over these distinct latitude bands. The simulations are conducted from 2011 to 2200 with CO 2 emissions based on the IPCC A2 scenario.
Model description

25
The University of Victoria Earth System Climate Model (UVic ESCM) version 2.9 is an intermediate complexity climate model with horizontal resolution of (Cox, 2001; Cox et al., 2001) . Ocean inorganic carbon is based on the OCMIP abiotic protocol. Ocean biology is simulated by an ecosystem model of nitrogen cycling (Oschlies and Garcon, 1999; Schmittner et al., 2005) . Water, heat and carbon are conserved between model components with no flux adjustments. Cloud cover is set at a constant in the 10 UVic ESCM. Bala et al. (2007) find that large-scale deforestation may influence cloud cover, and have an effect on the climate, however uncertainties exist in the change of cloud cover due to deforestation (Durieux et al., 2003; Chagnon et al., 2004; Montenegro et al., 2009) . A full description of the atmospheric, oceanic, and sea ice models are in (Weaver et al., 2001) , while the land surface scheme and dynamic vegetation model 15 are described in (Cox, 2001; Cox et al., 2001) .
Vegetation model and land surface scheme
TRIFFID defines the state of the terrestrial biosphere in terms of soil carbon, and the structure and coverage of five plant functional types (PFT), broadleaf trees, needleleaf trees, C 3 grasses, C 4 grasses and shrubs within each grid cell (Cox, 2001 • grid cell, the land coverage through time of PFTs is determined by a dynamic competition between the different PFTs. This is based on the Lotka-Volterra approach and a tree-shrub-grass dominance hierarchy. TRIFFID also allows agricultural areas to exist. These areas are defined as croplands and are treated as grass PFTs for determining their biogeochemical and biophysical behaviours. Soil carbon pools are increased 5 through litterfall, and reduced by heterotrophic respiration. Litterfall is calculated as an area weighted sum from each PFT, and is dependant upon the degree of the land disturbance and competition between PFTs. Respiration is determined by the soil carbon content, a Q 10 soil temperature equation, and a piecewise linear soil moisture function, described in (Cox, 2001) . Due to the Lotka-Volterra equations used for the competition algorithm, there exists a possibility for rapid loss of vegetation species if the land-use disturbance is large enough to trigger the requisite scenario. This scenario which can produce rapid increases or decreases in the abundance of a species is further explained in (Gotelli, 2001) .
Experiments
15
For all experiments, the model is integrated from equilibrium at year 1800 to year 2000 forced by historical CO 2 emissions from combustion of fossil fuels and land-use change (Marland et al., 2002; Houghton, 2003) . For the period between 2001 and 2100 simulations are forced by CO 2 emissions from the IPCC A2 scenario (Nakićenović and Swart, 2000) and from 2101 to 2200 CO 2 emissions are kept constant at the A2 scenario 2100
Deforestation experiments cover the period between 2010 and 2200. Deforestation is simulated separately in three bands: the area northward of 40
• N (high latitudes), the areas between 20
• N to 40
• N, and 20
• S to 40
• S (mid latitudes) and the area between
20
• S to 20
• N (low latitudes) (Fig. 1) .
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At the start of 2010, all experiments have the same crop area distribution based on Ramankutty and Foley (1999) . The vegetation is specified by the DeFries and 14645 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | Townsend (1994) land cover data set. All results are compared to a control run where the crop area fraction remained fixed at the 2010 distribution. In the deforestation experiments crop area fraction is increased by different amounts in order to generate arbitrary deforestation ranging from 5 % to 100 % of the total forested area of the three different latitudes at 2010. The land cover change is performed in a single step at the In all but the 100 % deforestation scenario only grid cells that contain both crops and forests are defined as eligible for deforestation (Fig. 2) . In these simulations deforestation is performed by reducing the forest cover by a fixed amount in all eligible grid cells. The rationale is that experiments should simulate, as well as the coarse spatial scale 10 of the model allows, land cover change resulting from an expansion in agriculture. In the 100 % scenario, any grid cell with forests was deemed eligible for deforestation. There is no 75 % deforestation simulation for the high latitudes, as the requirements for deforestation did not allow sufficient grid cells to be used to reach the required forest loss.
15
The expansion of croplands in the model follows a hierarchy where grasslands are converted to crops, before shrubs and trees. The result is that eligible grid cells that contain grasslands and shrubs prior to deforestation have these fractions converted to crops as well at the start of 2011. It should be noted that in TRIFFID crops and grasslands have identical biogeochemical and biogeophysical characteristics. The only 20 difference is that grasslands can be outcompeted by other plant functional types while the crop distribution is prescribed. This means that all areas converted to crops in 2011 remain as such until the end of the experiments.
The use of an model of intermediate complexity in the study of deforestation has some drawbacks, among the more evident, the lack of a cloud response. Still due to
Results
After the initial disturbance forest cover is free to change. In presenting and discussing our results experiments are classified according to their initial arbitrary deforestation fraction. For example, the 5 % experiment refers to the simulation in which 5 % of the forest cover was removed instantaneously at the start of 2011. 
Dieback
With the exception of the 100 % simulations, all deforestation scenarios, regardless of location, experience further loss of forests after the initial disturbance (Fig. 3) . In all experiments, the fraction of forest loss of the 15 %-75 % simulations reaches a peak, and then tends to converge to around 50 % in the high latitudes, 70 % in the mid latitudes 10 and 80 % in the low latitudes. No regrowth is seen in the 5 %-10 % scenarios, but the rate of forest loss slows down in the last half of the simulations.
In all cases, the post-deforestation dieback is caused by further forest loss in the deforested bins, which in the larger deforestation scenarios tend to lose all of their trees. It is this loss of trees in the deforested bins which produces the converging trend 15 observed in the 15 %-75 % simulations, as their forest coverage in the deforested bins is near identical. The observed regrowth occurs in the non-deforested bins, where the forested fraction increases in relationship to the control for all simulations. This further loss of trees is not related to the dynamic vegetation model responding to climatic changes brought by deforestation but occurs because the response of the competition 20 algorithms adopted by TRIFFID to the large and rapid land cover change implemented at 2011. Following the large land-use change, and subsequent changes to climate, TRIFFID's competition algorithm produced a continual loss of forests in the disturbed bins, with these forests being primarily replaced by shrubs. In that sense, the observed continuos loss of forest cover after deforestation are more akin to an external forcing to 25 the simulations than to a response of the vegetation model to environmental change. 
High latitudes
For all simulations deforestation causes a reduction in global SAT, with the cooling being proportional to deforested percentage (Fig. 4) . The reduction in temperature is magnified at higher latitudes due to an increase in snow and ice cover and consequent 5 increase in albedo. In the 100 % scenario the average temperature change from 20
• N was −0.42 K and the temperature change from 40 • N and above was −0.78 K.
Lower atmospheric CO 2 values are also responsible for some of the larger cooling seen in the 45 %-100 % deforestation simulations. Deforestation also causes a decrease in global and local soil temperature (Fig. 5 ),
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however soil temperatures become warmer in areas with large forest cover prior to deforestation ( Fig. 1) . Soil temperatures show a similar trend to the SAT response, with the exception that the local (here defined as over deforested grid cells) soil temperatures of the 8 %-25 % simulations have positive soil temperature anomalies by 2200.
There is a large drop in SATs and soil temperatures for all of the simulations around 2160. This decrease in temperature is due to a large change in the meridional overturning, resulting in a reduction of the oceanic poleward heat transport.
Although the global and local precipitation minus evaporation (P -E ) trend is a drying, the local drying is of an order of magnitude larger than the global averages (Fig. 6 ). The areas with the largest drying occur in regions of increased soil temperatures. In 20 these areas both evapotranspiration and precipitation increase, however the increase in evapotranspiration is larger than the increase in precipitation due to the enhanced soil temperatures. In the areas where conditions become wetter, there is also an increase of both precipitation and evapotranspiration, however the increase in precipitation is larger. For all simulations deforestation results in an overall drier climate over
Mid latitudes
The initial mean global SAT response is warming, followed by a decrease in the positive anomalies so that by the end of the simulation all deforestation scenarios have lower global SATs than the control (Fig. 7) . Positive anomalies are small and last only a few years in the lesser deforestation fractions. The 9 % and 10 % scenarios have SATs 5 very close to the control up to the end of the 21st century. Positive anomalies are larger (up to ∼ 0.4 K) in the 15 %-25 % scenarios and SATs remain above the control values until about 2140. The 45 %-100 % scenarios exhibit the largest deviations from the control, with both positive and negative anomalies proportional to the deforestation fraction. Positive anomalies decrease rapidly in the 75 % and 100 % cases, where SATs 10 are already colder than the control by 2040. In all of the simulations, the largest SAT reductions occur over deforested areas. Due to the increase in local albedo, deforested areas remain colder than the control even during periods where higher atmospheric CO 2 concentrations cause mean global positive SAT anomalies (Fig. 7) .
The global soil temperature response shows a similar pattern to the SATs, however 15 the 15 %-25 % simulations remain warmer for the duration of the experiment (Fig. 8) . In all simulations, average local soil temperatures over deforested areas are warmer than those of the control, with cooling occurring outside of the deforested areas (Fig. 8) . The initial local soil temperature response is proportional to the amount of deforestation. In most cases positive anomalies continue to increase, the exceptions being the 75 %
20
and 100 % simulations which, due to reduced rates of energy absorption, resulting from increased albedo and outgoing latent heat flux, have a decreasing trend following deforestation. This is followed by an eventual increase, so that by the end of the simulations the 75 % and 100 % local soil temperature anomalies are similar to those seen in the 15 %-50 % simulations.
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Similar to the high latitudes, meridional overturning slows around 2160 in all of the simulations, except the 15 % and 25 % simulations. In the 15 % and 25 % simulations,
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In all scenarios, deforestation leads to mean drying over land, with the decrease in moisture driven predominately by change over deforested bins (Fig. 9 ). Drying over deforested areas tends to be proportional to the deforestation fraction, the exception 5 being the 100 % simulation which, although drier than the control, has higher P -E values than the 75 % scenario.
Mean evapotranspiration and precipitation both increase over deforested areas, however in all simulations evapotranspiration increases more than precipitation. Differing from the mean response, conditions are wetter in a significant number of deforested 10 bins over Eastern Asia (Fig. 9 ). While precipitation does increase, the positive P -E anomaly over these deforested bins is caused by a decrease in evapotranspiration. The change in soil temperature over deforested areas in Eastern Asia also tends to be different from that of other areas. While the general response is warming, the temperature increase tends to be smaller and many bins in the area show cooler soil conditions 15 after deforestation (Fig. 8 ).
Low latitudes
The global SAT response to deforestation for all simulations is a general increase followed by cooling. The magnitude and rate of initial warming tends to be proportional to the deforested area fraction and higher deforestation fractions tend to reach their peak 20 positive anomaly sooner, although similar to the high and mid laitutde simulations, by 2200 all scenarios produce colder SATs (Fig. 10 ). The SAT change over deforested bins differs significantly from what is seen globally. When the deforestation fraction is 10 % or lower, SAT anomalies over deforested bins are negative for the duration of the experiment, with larger anomalies occurring over the 22nd century. Deforestation fractions colder SATs spread radially outward from the deforested areas, eventually resulting in lower values across the globe at the end of the experiments (Fig. 10) .
The global soil temperature response to deforestation exhibit a pattern similar to that of the global SAT with the difference that the soil temperature anomalies are always positive (Fig. 11 ). The pattern of local soil temperature response over deforested bins 5 is similar to the global response for the 5 %-50 % simulations. The 75 % and 100 % scenarios, similarly to what is observed at mid latitudes, show positive anomalies that decrease during to 21st century resulting in soil temperatures that are still higher than the control but lower than those observed in the 15 %-50 % simulations.
The low latitudes also experienced some changes to meridional overturning, how-10 ever this only occurred in the 50 % and 100 % simulations. In a process similar to the mid latitudes, the 50 % and 100 % scenarios had enough of a change to the climate to produce this change in overturning. The global moisture response over land of the low latitudes is less consistent between simulations than that of the high and mid latitude simulations, with most defor-15 estation fractions changing between drier and wetter conditions during the experiment (Fig. 12) . During the last 20 yr, all experiments exhibit negative P -E anomalies. Drying is more intense and starts earlier in experiments with deforestation fraction above 25 %.
In all experiments, conditions become drier over deforested bins and the P -E 20 anomalies over these areas are an order of magnitude larger than those registered in the global response ( Fig. 12 ). Both evapotranspiration and precipitation increase over deforested bins and drying occurs because the increase in evapotranspiration overtakes the increase in precipitation. It is interesting to note that the local drying is usually more intense in the mid latitudes than in the low latitude simulations.
25
While the mean local response is drying, some areas in equatorial Africa and the Amazon become wetter after deforestation. Contrary to the areas that become wetter in the mid latitudes simulations, the positive P -E anomalies in the low latitude deforested bins are caused by an increase in precipitation and not decreased evapotranspiration. Compared to the mid latitudes, where the wetter conditions occur in areas of mixed warming and cooling soil temperatures, low latitude bins with positive P -E show no significant variation in soil temperature (Fig. 11) . From ( Fig. 12 ) it can be seen that there is an increase in P -E outside the deforested areas, which is consistent for all simulations. It is this increase in moisture in non-deforested areas, as well as the less 5 pronounced decrease in moisture in the deforested areas for the 5 %-50 % simulations, that leads to an average global increase of moisture over land at various times in the simulations for the 7 %-50 % scenarios.
Carbon cycle
High latitudes
10
All deforestation simulations show an initial increase in atmospheric CO 2 relative to the control. The increase is proportional to deforested area and ranges from 3.03 to 50.40 ppmv (Fig. 13 ). This expected increase in CO 2 concentration is due to the release of carbon stored in the forests (Forster et al., 2007; Friedlingstein and Prentice, 2010) . Although the relative difference between the simulations and the control decreases in 15 the first 10 yr after deforestation, atmospheric CO 2 values for the 8 %-25 % deforestation experiments remain above those of the control during the whole simulation due to continued, competition algorithm induced, loss of forests leading to increased CO 2 emissions.
As simulations progress however, the other scenarios exhibit periods when atmo-20 spheric CO 2 concentrations are lower than those of the control (Fig. 13 ). Reduction in CO 2 concentrations are seen in the 5 %-7 %, and 45 %-100 % deforestation experiments. The CO 2 decreases in the 5 %-7 % deforestation scenarios are small and by the end of the simulation these experiments have CO 2 concentrations slightly larger than the control. In the 45 %-100 % deforestation scenarios atmospheric CO 2 values
In all simulations the behaviour of ocean carbon is similar to atmospheric CO 2 and all simulations with a relative loss of atmospheric CO 2 also show a relative reduction in ocean carbon (Fig. 14) .
Atmospheric carbon closely mirrors the changes to land carbon. CO 2 levels are higher in experiments where deforestation leads to net loss of carbon by land and 5 lower in simulations where the removal of trees cause an increase in land carbon stocks (Fig. 14) . Deforestation always results in an decrease in vegetation carbon and an increase in soil carbon. The net change in land carbon, and consequently the atmospheric CO 2 response, is determined by the relative magnitude of these soil and vegetation carbon changes.
Ignoring the small drawdowns of the 5 %-7 % experiments, deforestation of up to 25 % results in loss of land carbon and increase in atmospheric carbon (Fig. 14) . For the 45 %-100 % deforestation scenarios the increase in soil carbon overcomes the losses from vegetation carbon. In these simulations the land gains carbon at the expense of the atmosphere, where CO 2 concentrations decrease (Fig. 14) .
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The increase in soil carbon is related to a reduction in soil heterotrophic respiration due to colder and drier conditions and also to an increase in modelled net primary productivity (NPP) over deforested areas. In the 5 %-25 % simulations the increase in soil carbon was larger in the non-deforested areas than in the deforested areas. We take this as an indication that climate played a larger role than alterations in NPP due 20 to land cover change in the increase of soil carbon in these experiments. Deforested areas contribute to approximately 58 %-70 % of the increase in soil carbon in the 45 %-100 % deforestation scenarios, showing that in these experiments the higher NPP of croplands also played a role in accumulation of land carbon. Although croplands are usually associated with reductions in NPP, observations have found an increase in NPP 25 after forest loss in high latitudes (Roy et al., 2001) , and modelling efforts have found an increase due to higher grassland productivity and CO 2 -fertilization despite colder temperatures (Bathiany et al., 2010) . 
Mid latitudes
In all scenarios, deforestation produces a rapid increase in atmospheric CO 2 (2.65 to 47.58 ppmv) as the carbon lost by vegetation due to deforestation makes its way into the atmosphere (Figs. 13, 14) . This is followed again, in all scenarios, by a decrease in CO 2 values. After this initial pulse, the behaviour of the simulations differs. The 5 %-5 25 % scenarios see increases relative to the initial pulse ranging from 22 %-235 % by 2200, with the 15 % scenario having the largest increase. The 45 %-100 % scenarios do not experience an increase in CO 2 relative to the initial pulse, exhibiting instead reductions ranging from 33 %-99 % by 2200, with the 75 % scenario showing the largest decrease. This caused the 75 % simulation to exhibit atmospheric CO 2 concentrations 10 very similar to those of the control experiment during the last 50 yr of the simulation. All simulations experience a global increase in soil carbon that offsets a portion of the losses in land carbon caused by deforestation and dieback. Following a brief (about four years) initial decrease in soil carbon, all experiments show a relatively rapid increase of this property up to about 2040 to 2060. The magnitude of the increase is dependent 15 on the deforestation fraction and in all experiments this is accompanied by a reduction in atmospheric carbon (Fig. 14) . In the lowest (5 %-7 %) and highest (45 %-100 %) deforestation fractions this increase is followed by a period where soil carbon stocks remain stable or continue to increase at slower rates. In the 15 %-25 % experiments soil carbon decreases from about 2040 until the end of the simulation but the reduction 20 is not enough to cause negative soil carbon anomalies.
A transition occurs between the 15 %-75 % simulations where the increase in soil carbon becomes larger than the increase in atmospheric carbon, however only the 75 % simulation experienced a large enough increase in soil carbon to produce an atmospheric carbon reduction relative to the control (Figs. 13, 14) . The 15 % simulation has the largest difference between atmospheric carbon and soil carbon (55 Pg C), this difference decreases with increases in the deforested area fraction, resulting in a switch in the 50 % simulation, where the soil carbon increase is once again larger than the atmospheric carbon increase. The large loss in atmospheric carbon seen in the 75 % simulation relative to the 50 % simulation is almost completely compensated by a gain in soil carbon. Although the 75 % simulation had a reduction in atmospheric CO 2 , it did not experience the increase in land carbon, which occurred in the high latitudes for simulations with a reduction of atmospheric CO 2 .
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For all experiments, both forested and non-forested bins contribute to the initial increase in soil carbon. Due to changes in climate and enhanced NPP caused by increased CO 2 Sitch et al. (2008) , non-deforested bins maintain positive soil carbon anomalies over the duration of all experiments. As simulations progress, some scenarios experience eventual reductions in soil carbon, associated with loss of carbon 10 in deforested bins. These losses are larger for the 15 %-25 % scenarios, (Fig. 14) and are associated with increased respiration, due to warmer soil temperatures (Fig. 8) and wetter conditions over their deforested bins when compared to those of the other scenarios (Figs. 6, 9, 12 ). The increase in NPP, as well as the enhanced drying and cooler temperatures over the deforested bins of the 75 % and 100 % experiments causes 15 these areas to gain soil carbon continuously during the experiments and at the simulations' end, there is more soil carbon in the deforested areas of the 75 % and 100 % scenarios (∼ 53 % and 62 % of the total respectively) than in all non-deforested bins. The large increase of soil carbon in the higher deforestation fraction experiments leads to the larger atmospheric CO 2 drawdown seen in these scenarios.
20
Ocean carbon stocks are responding to atmospheric CO 2 (Fig. 14) as ocean carbon increases and decreases with the fluctuating CO 2 values.
Low latitudes
As in the high, and mid latitudes, for all low latitude simulations, the carbon lost by vegetation due to deforestation enters the atmosphere, generating a rapid increase in 25 CO 2 concentrations proportional to the extent of deforestation (7.16 to 127.12 ppmv). Due to the larger quantity of trees removed in the low latitudes, this initial CO 2 increase is higher than what is seen in the high and mid latitudes combined ( This increase is followed by a period of diminishing CO 2 , with the rate of decrease proportional to the deforestation fraction. Atmospheric CO 2 values in the 75 % and 100 % scenarios fall relatively quickly, and for the duration of the experiments, remains 5 below those of the initial pulse. This is not the case for all other scenarios, where by no later than the mid 21st century, the atmosphere holds more carbon than what was lost initially by vegetation due to deforestation (Fig. 13) . Around the mid 22nd century all experiments start to show a negative trend in CO 2 concentrations. The change in CO 2 concentrations at 2200 relative to the initial pulse of CO 2 is much 10 larger in the low latitudes than the high or mid latitudes due to a larger land-use change. The 5 %-45 % simulations all have an increase of CO 2 at 2200 relative to the initial pulse. This increase ranges from 6 % to more than five times the post-deforestation pulse concentration, with the largest increase occurring in the 7 % scenario. The 50 %-100 % simulations had a decrease in CO 2 by 2200 relative to the initial pulse, ranging 15 from 10 %-65 % with the 100 % scenario producing the largest decrease. The low latitudes had the same initial soil carbon response to deforestation as the high and mid latitudes, with a small initial decrease over the first three to four years followed by a relatively fast increase (Fig. 14) . As with the mid latitudes, the changes in soil carbon are explained by continuous increase in carbon density over non-deforested 20 areas and a mixed response in the deforested bins. The largest soil carbon losses occur in the intermediary deforestation fractions, where soils are warmer and not as dry. Different from the high and mid latitudes, these losses resulted in periods where some intermediary fractions, like the 25 % scenario, exhibited negative global soil anomalies in relationship to the control. Again as seen in the high and mid latitudes, the experi-25 ments with the smaller soil carbon anomalies are the ones which show the largest atmospheric CO 2 . Increases in NPP, relatively colder temperatures and drier conditions lead to large soil carbon gains by deforested bins in the higher fraction deforestation scenarios. Similarly to the mid latitudes, the deforested bins of the 75 % and 100 % simulations hold the majority of the global soil carbon by the end of the experiments.
The ocean carbon response to low latitude deforestation is very similar to the high and mid latitudes, where ocean carbon to a certain degree mirrors atmospheric carbon. In the low latitudes we do not see the same level of post initial pulse reduction in atmo-5 spheric carbon as was observed in the high and mid latitudes, and the ocean carbon also shows this, as there is less variation in total ocean carbon between the simulations, due to the oceans slower response to atmospheric carbon change (Fig. 14) .
Discussion
High latitudes
10
The lower temperatures observed in our 5 %-25 % deforestation experiments are in agreement with previous modelling studies where the albedo effect outweighs the increase in CO 2 for high latitude deforestation (Claussen et al., 2001; Bala et al., 2007; Bathiany et al., 2010) . Differently from these earlier results, our cooling is magnified in the 45 %-100 % scenarios by a decrease in atmospheric CO 2 caused largely by 15 an accumulation of soil carbon over deforested areas. By 2100 our 100 % simulation produced cooling of approximately 0.4 K, with an average cooling over the duration of the simulation of 0.329 K. The average cooling is similar to what was found by Bathiany et al. (2010) , where a cooling of 0.25 K is observed, however our cooling at 2100 is only half of what is modelled by (Bala et al., 2007) . Bala et al. (2007) produced a smaller 20 albedo change than what was seen in our simulations, albedo increased by 2.02 % to 12.74 % by 2100 in the high latitudes, with larger deforestation events producing higher increases of albedo, compared to 10.7 % increase of high latitude albedo by 2100 in the study by Bala et al. (2007) . Bathiany et al. (2010) produced a larger albedo change than our simulations, with an average increase of 0.070, compared to our average in- as the differences in model components and emissions, it is difficult to pinpoint which discrepancies in these studies produce the variation in temperatures.
Complete deforestation of areas above 45
• N caused an increase in soil carbon over deforested areas in simulations conducted by Bathiany et al. (2010) . In their case the extra soil carbon was not enough to compensate for the loss of biomass and litter car- In a managed forest, clear cutting reduced soil carbon (Diochon et al., 2009 ). Analyzing conditions 100 yr after land cover change Poeplau et al. (2011) conclude that the conversion of forests to cropland in temperate zones results in about a 32 % ± 20 % decrease in soil carbon. The same authors note that the conversion of grassland to forest 15 tend to cause a soil carbon reduction of about 7 % ± 23 %. Even our low end deforestation scenarios result in land cover change at much larger spatial scale than those analyzed by the observational studies and comparison between our results should be made with caution.
Starting at around 2110, the 15 %-50 % experiments all present similar forest loss 20 fractions (Fig. 3) , an indication that the separation of scenarios which cause net land carbon loss (≤ 25 %) from those resulting in net land carbon gain (≥ 45 %) is not a simple function of total deforested area but also dependent on the initial amount of land cover change. The initial surface air and soil cooling of the 45 %-100 % experiments are markedly 25 larger (Figs. 4, 5) than those of the other simulations. It is this rapid albedo-related cooling, and the associated slow-down of soil respiration, which lead to the larger retention of carbon over land in these scenarios. As the surface albedo and atmospheric CO 2 begin to change, it influences the surface energy balance, which in turn effects the soil temperatures. In the case of the high latitudes, the resultant magnitude of the changes to the energy balance that lead to the decrease in soil temperatures. Removal of trees shortens the roughness length and causes a reduction in outgoing sensible heat flux, a warming effect, over deforested bins. At the same time, deforested areas experience increases in the outgoing latent heat flux, and net surface radiation.
5
The final result is a reduction in net incoming energy and soil cooling (Fig. 15 ). This is a similar effect to the temperature reduction mechanism described in (Lee et al., 2011) , where it was found that in the high latitudes, temperatures decreased despite a decreased outgoing sensible heat flux.
The energy budget is balanced by the equation:
where R n is the net surface radiation, LE is latent heat, H is sensible heat, and G is the ground heat flux. By increasing the surface albedo, and latent heat, the decreased surface skin temperature contributes to the reduced soil temperatures. The reduction in soil moisture, while less important in explaining the initial accumu-15 lation of soil carbon, is likely exerting a larger influence after about 2060, when soil carbon continues to increase (albeit at slower rates) in spite of increasing soil temperature over deforested areas (Figs. 5, 14) . In Fig. 6 , an interesting result is shown where the drying in the 100 % simulation is not the largest, compared to the temperature and carbon response, where the 100 % scenario produces the most extreme changes.
20
The increased moisture is likely due to the larger area used for 100 % deforestation, with more snow covered areas and more cooling resulting in less evapotranspiration. This result can also be observed in (Fig. 15) where the latent heat flux of the 100 % simulation is less than the 45 % and 50 % scenarios for the majority of the simulation. Evidently, we do not make the claim that our findings justify large scale high latitude 25 deforestation as a means of carbon sequestration. Nevertheless, our results point to the complex interaction between soil carbon dynamics and climate and the significant role this interaction plays on the modelled climatic response to land cover change. Given 14659 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | the large uncertainties associated with the modelled terrestrial carbon cycle (Friedlingstein et al., 2006), our results also point to the need for greater understanding of how organic matter behaves in soils (Schmidt et al., 2011) and for the adoption of this new knowledge by terrestrial models.
Mid latitudes 5
The SAT cooling seen in the 100 % mid latitude deforestation scenario is in general agreement with the studies by Bala et al. (2007) ; Davin and de Noblet-Ducoudre (2010), albeit the reduction in temperature at 2100 produced by our experiment (−0.077 K) is larger than the one described by Bala et al. (2007) converted to a completely deforested world, and constant CO 2 values, however our local and global response, although lesser in magnitude, is a cooling as well, due to the albedo effect. By 2100 the 75 % scenario has near identical forest loss as the 25 %-50 %. However, the the 75 % scenario, similar to the 100 % scenario, shows a higher initial albedo 20 increase, as well as reduced atmospheric CO 2 through increased soil carbon, driving further global cooling. The rapid increase in albedo in the 75 % and 100 % scenarios effect the soil temperatures as well, which decrease over the first 60 yr, before the temperature anomalies begin to trend upwards again. This points to the importance of the magnitude of the initial disturbance on modelled climates. Although the 15 %-75 % 25 scenarios all reach similar forest loss by 2200, and display converging albedo values, the larger initial land use change results in higher initial albedo values which allow the 45 %-75 % simulations to reach lower temperatures despite having final land use change fractions similar to the 15 %-25 % simulations.
In the mid latitudes, the local response to deforestation differs compared to the high latitudes. The increase in evapotranspiration leads to more drying than what is observed in the high latitudes (Figs. 6, 9, 15, 16) . This is also accompanied by increased 5 soil temperatures in the mid latitude deforested bins, opposed to the local response to high latitude deforestation (Figs. 5, 8) . Soil temperatures increase, despite the added cooling from increased modelled outgoing latent heat and albedo, primarily due to the decreased roughness length following deforestation. Decreased roughness lengths lead to less outgoing sensible heat, which becomes the dominant driver in local soil 10 temperatures for these experiments. Following deforestation the outgoing sensible heat flux (Fig. 16) decreases more than at the high latitudes, resulting in a higher retention of heat in the soils, and thus higher soil temperatures.
Sensible heat flux in the UVic ESCM is represented by:
15
where SH is sensible heat, ρ is the density of air, U is the wind speed, T s is the soil temperature, T a is the SAT and C D is the Dalton number given by:
where k is the Von Karman constant, z is a reference height and z 0 is the aerodynamic roughness length (Meissner et al., 2003; Matthews et al., 2004 ) .
20
In the simulations, deforestation reduces C D because the grassland z 0 is smaller than the forest z 0 . This change in C D is what inevitably reduces SH, as the other terms in the equation act towards increasing SH. Decreasing roughness length over the mid latitude deforested bins reduces the surface's ability to lose sensible heat, resulting in a net soil temperature increase over these areas.
25
The accumulation of global soil carbon is driven by the increase in NPP and a decrease in soil respiration. The change in soil carbon accumulation is intrinsically tied to 14661
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | the change in soil temperature and moisture. Globally, all deforestation fractions led to drier conditions over land, and global soil temperatures tend to decrease, the exception being the 15 %-25 % scenarios (Figs. 9, 8 ).
The opposing effects of warming and drying trends determines the exchange of carbon between soil and atmosphere. The 15 %-25 % scenarios experience the largest 5 local warming (as well as being the only experiments to have globally warmer soil temperatures by 2200) however do not experience the same level of drying as is seen in the 45 %-100 % scenarios. The 45 %-100 % scenarios also experience less warming then the 15 %-25 % scenarios, leading to reduced respiration in the 45 %-100 % cases and larger drawdown of atmospheric CO 2 . This results in larger soil carbon quantities 10 and less atmospheric CO 2 (Figs. 13, 14) . The increase in CO 2 seen in the 5 %-25 % simulations is linked to the less rapid loss of forests than was seen in the 45 %-100 % scenarios, resulting in less albedo cooling, and a slower release of CO 2 over time. The warmer global soil temperatures of the 15 %-25 % scenarios are due to the higher surface air temperatures, where increased CO 2 concentrations, as well as lower surface 15 albedos than the 45 %-100 % scenarios, highlighting the complex interactions which take place in determining local and global temperatures. Similar to the high latitudes, some mid latitude deforestation simulations differed from observations by Diochon et al. (2009); Nave et al. (2010) where deforestation led to a decrease in soil carbon due to increased respiration. In our experiments the 20 45 %-100 % simulations resulted in a local soil carbon increase, which is in agreement with observations by Poeplau et al. (2011) where the conversion of grassland to forest causes a soil carbon reduction.
The response to deforestation in the mid latitudes shows the transition between high and low latitude deforestation where albedo change becomes a less dominant driver 25 of temperature and changes to CO 2 concentrations and the sensible heat flux plays a larger role in local and global temperature response. The high latitudes experience cooling in every simulation almost instantaneously (Fig. 4) , whereas the presence of higher CO 2 , and decreased outgoing sensible heat flux overcome the albedo change and increased latent heat, resulting in longer lasting warmer conditions in the mid latitudes (Fig. 7) .
Low latitudes
The initial air surface warming which occurs due to low latitude deforestation is in agreement with the studies by Shukla et al. (1990) ; Bala et al. (2007) ; Bathiany et al.
5
(2010). The magnitude of the temperature change is not as consistent with previous studies due to differences in the location and magnitude of deforested areas and CO 2 concentrations. Bala et al. (2007) observed a global warming of 0.7 K by 2100, and Bathiany et al. (2010) an average warming of 0.4 K over their 300 yr study. Their simulations removed all trees in the low latitudes, whereas our 100 % simulation resulted in 10 a 0.044 K warming by 2100 and an average warming of 0.042 K. Our albedo increase was larger than the albedo increase seen by Bala et al. (2007) , who found an albedo increase in the low latitudes of 4.1 %, compared to our 2.95 % to 10.78 % increase in albedo by 2100. However our average albedo increase was smaller than the albedo increase reported by Bathiany et al. (2010) who found an average surface albedo in-15 crease of 0.042 compared to our range of 0.01 to 0.02. The local cooling observed in our study is seen, although not to the same extent in some (Bala et al., 2007; Claussen et al., 2001) but not all (Bathiany et al., 2010) comparable experiments. The difference between these studies is likely due to the different carbon and albedo responses, as well as some of the inherent differences in the models used. By 2150 20 our 100 % scenario had an increased CO 2 concentration of ∼ 66.5 ppm, compared to the Bala et al. (2007) study with a CO 2 increase of 299 ppm. Another difference is that the Bala et al. (2007); Bathiany et al. (2010) studies produced a reduction in evapotranspiration, as well as a decreased atmospheric albedo from reduced cloud cover, both of which contribute to increased temperatures.
25
Satellite based studies show that that depending upon the scale of deforestation, cloud cover may not change and may even increase over disturbed areas (Durieux et al., 2003; Chagnon et al., 2004; Montenegro et al., 2009) 
. This contradicts the results 14663
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | of Bala et al. (2007) ; Bathiany et al. (2010) and may lead to added cooling not accounted for in these modelling studies. Bala et al. (2007) found that the net albedo change over the deforested regions was negligible as the increase in surface albedo was compensated by the decrease in atmospheric albedo, and suggests that cloud cover may play a major role in tropical climates.
5
Clouds cover is prescribed in the UVic ESCM and in our experiments the postdeforestation surface albedo increase is not compensated by a decrease in atmospheric albedo due to a reduction in cloud cover over deforested areas. This helps explains the local cooling registered by our simulations and lends support to the argument that a reduction in cloud cover is an important component of the modelled 10 temperature response to deforestation in the tropics see in previous experiments. Bathiany et al. (2010) report that low latitude deforestation causes a decrease in modelled total land carbon, and the same occurs in all of our simulations (Fig. 14) . The same authors also see a reduction in soil carbon in the deforested areas, and increases in the non-deforested areas, which is observed in our 5 %-45 % scenarios. Our 50 %-15 100 % soil carbon responses do not match the results of Bathiany et al. (2010) as we see an increase in soil carbon in all locations, regardless of land cover change. Soil temperatures were larger in the low latitudes, and conditions were wetter than the mid latitudes. It is likely this difference in climate that causes the larger reduction in local soil carbon, in the 5 %-45 % scenarios than the mid latitude cases. During the first 20 100 yr of the simulations the 5 %-25 % scenarios become wetter, relative to their initial drying following deforestation (Fig. 12) . This change in behaviour, as well as warmer soil temperatures (Fig. 11) , can account for the increased respiration relative to carbon drawdown, and hence the decreased local soil carbon in these experiments.
Local soil warming occurs due to the same energy balance modifications seen in 25 the mid latitudes, with higher temperatures related to a decrease in outgoing sensible heat flux that overcomes the increase in outgoing net radiative and latent heat fluxes (Fig. 17) . The higher local soil temperature anomalies present in the low latitudes, occur due to the larger reductions in outgoing sensible heat, as well as increased rates of change in the energy budget of the soils, than what is seen in the mid latitudes (Figs. 16, 17) . The increase in outgoing latent heat flux and reduction in sensible heat flux, also explains the lower SATs over deforested areas in the low latitudes (Fig. 10) . what is described by Poeplau et al. (2011) . Although NPP increases due to the forestto-cropland conversion, this is not enough to overcome the changes in respiration, where consistently higher soil temperatures, as well as less drying than is observed in the mid latitudes (Figs. 8, 11, 9, 12) , lead to a larger reduction in local soil carbon. However our 50 %-100 % simulations present the same response as our high and mid 10 latitude results, where local soil carbon increases. This highlights the importance of the initial magnitude of land use change, and resultant climate change, on the soil carbon response to deforestation in the UVic ESCM. The 15 %-75 % simulations all have converging levels of forest loss by 2120 (Fig. 3) , thus the rate of change of land cover can also play a role in soil carbon retention. This further enhances the argument 15 that the change in soil carbon arrises through a multitude of pathways, which influence the influx and outflux of carbon.
The increase in atmospheric CO 2 , and warmer temperatures seen in our low latitude simulations, are climatic effects more often associated with modelled deforestation. Even then, due mostly to the soil carbon response, CO 2 and temperature increases 20 are not proportional to deforested area. Seeing as how the location and scale of deforestation can lead to either an increase or decrease to local and global soil carbon, our results call attention to the subtleties of this response and toward a need for a better understanding the complexity of soil carbon dynamics (Schmidt et al., 2011) .
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